Abstract-This paper 1,2 presents the preliminary results obtained within a research project aimed at the development of a remote sensing system for forest fires monitoring in missions of compact airborne platforms. The core of the system is an integrated, multi-/hyper-spectral suite of electro-optical sensors. They were selected to get enhanced ability in forest fire detection and monitoring. The system is completed by a dedicated on-board computer for sensor control. It is capable of autonomous operation and it is also in charge of data exchange with the on-board navigation and flight control system. Two different configurations are described, relevant to different aircrafts: a mini UAV and a certified, two-seat light aircraft. Results of the first flight experiments are presented, that highlight performance achievable by the system.
INTRODUCTION
Remote Sensing (RS) for environmental risk monitoring is presently of great interest. In particular, significant attention has been focused on forest fire risk due to the significant damage caused every year, both to vegetation and people. This has resulted in several researches and operational projects. Operational systems based on aeronautical platforms have already been equipped for forest fire risk applications [1, 2] , and it has been pointed out that such platforms offer advantages with respect to satellite-based 1 1 1-4244-0525-4/07/$20.00 ©2007 IEEE. 2 IEEEAC paper #1302, Version 1, Updated December 22, 2006 systems in terms of promptness, repetitivity, and resolution of observation [3, 4, and 5] . Passive Electro-Optical (EO) sensors operating in Visible (VIS), Near InfraRed (NIR), and thermal bands have been suggested to this aim [6, 7] . In most cases, the integration of sensors that acquire in distinct bands is particularly useful, as well as the adoption of multispectral or hyperspectral sensors in order to improve fire detection and scene characterization capability [8] . With specific regard to airborne RS applications, modern EO sensors adopting cutting-edge technology detectors are characterized by compactness and low mass, reduced power consumption, no need of thermal stabilization, output signal processing by focal plane electronics to generate standard output thus allowing integration with non-dedicated systems. Also, such sensors are available in multi-and hyper-spectral configurations. As a result, a COTS (Commercial-Off-The-Shelf)-based payload of modern EO sensors can be conceived for a RS mission of a compact aeronautical platform, even a small unmanned one as a UAV in which on-board instruments are remotely controlled or are operated by an autonomous software logic resident in the on-board CPU.
The Dept. of Space Science and Engineering (DISIS) takes part in a project of the Center of Competence Analysis and Monitoring of Environmental Risk (AMRA Center), a recently founded institution for coordination of regional, hi-tech laboratories carrying out activities in the field of environmental risk monitoring, and for technology transfer to practical applications. The project objective is the development of a cutting-edge RS system for compact aeronautical platforms aimed at environmental risk monitoring, in particular forest fires. In the framework of this project, DISIS is in charge of the development of an integrated multi-/hyper-spectral EO sensor.
REMOTE SENSING SYSTEM
The RS payload of the AMRA Center project was conceived as a multi-band, multi-/hyper-spectral, integrated suite of EO sensors. It is based on four instruments: -a thermal camera, the Indigo Omega (now FLIR A10, after acquisition of Indigo by Flir Systems in 2004). Compactness and low power consumption are its main characteristics (Table 1) ; -a 3-band multispectral camera operating in the visible (VIS) spectrum, the DuncanTech MS4100 (now Redlake Megaplus 4100 after acquisition of DuncaTech by Redlake in 2002). Its main characteristics are in Table 2 ;
-two hyperspectral sensors operating in the VisibleNear InfraRed (VNIR) and in the Near-InfraRed (NIR) band. Each of them consists of an imaging spectrograph, the ImSpector by Specim [9] , coupled to a b/w camera (Table 3 and Table 4 ), thus resulting in an instrument capable of analyzing the spectrum of the energy collected from each resolution element of a one-dimensional acquisition in across-track direction. Specim Imspector is based on a gelatinous component, so that it is a compact and lightweight sealed unit, tolerating high temperature, humidity, physical shock, and vibrations [9] . It is a passive component that does not require electrical power to operate.
All of these instruments are COTS devices or they have been realized by assembling COTS components, as in the case of the hyperspectral sensors. The system was designed for pushbroom operation: sensors are installed on-board to observe downwards along the flight nadir direction and subsequent areas along the ground track are acquired thanks to platform movement. All the sensors are based on twodimensional arrays of detectors, so that various targets along the across-track direction are imaged simultaneously. The thermal camera and the three-band VIS camera acquire simultaneously a number of lines of targets equal to the number of rows of their detectors. Differently, the two hyperspectral sensors observe only one line of scene per acquisition since the rows of their detector are exploited for spectral analysis of the scene.
Opportunities for experimentation of this payload have been identified with reference to two platforms:
-the mini-UAV platform "1st" (autonomous Flyer  for Integration of Remote Sensing and guidance,  navigation, and control Technologies aimed at  monitoring  environmental  risk) , under development at DISIS in the framework of projects focused on integrated navigation systems and autonomous flight control [10] ; -a two-seat, general aviation aircraft (Sky Arrow ERA) in use at the Institute for Mediterranean Agriculture and Forest Systems (ISAFoM) of the National Research Council (CNR).
Payload configuration has been specialized to the two above platforms (Table 5) .
For the mini-UAV platform, a reduced subset of the AMRA instruments has been selected. The selection is imposed by the limits in volume, mass, power, and processing resources available on board for the payload. As described in [11] , the thermal camera and the VNIR hyperspectral sensor have been chosen (figure 1 -b -) because they are compatible with the available on-board resources, and they allow for the desired mission objectives, at least at basic level. Also a computer is included in the payload for RS sensors operation management, as well as storage and real-time elaboration of the acquired data. It is a Celeron TM -based pc104 unit by Ampro™, equipped with a 4-channel analog frame grabber to acquire the output of the two sensors ( figure 1 -c -) , and a radio communication system for data downlink and command uplink (the transceiver model AC 5124 by Aerocomm™ [12] ). In the case of ISAFoM Sky Arrow aircraft, the full sensor suite has been considered. Again, the payload configuration envisages a CPU which must have enhanced processing resources to manage operation control and data acquisition, processing, and storage from four sensors. In the basic arrangement, no radio link is considered, being operation supervised by the passenger onboard or autonomous.
To accomplish different mission objectives and operate in various conditions, a set of interchangeable optics have been envisaged for the hyperspectral sensors. Table 6 reports the resulting Fields-Of-View (FOVs). It is worth noting that, since they observe a quite narrow strip of scene perpendicular to the line of flight, short focal lengths have been considered to maximize the ground coverage offered by single images. 
Applications
The payload described in the previous subsections is aimed at applications related to forest fire natural disaster, from prevention, to management and damage mitigation, and also post-event burnt area mapping.
The thermal channel of observation will be exploited for mapping temperature distribution in the acquired scene. Its two selectable levels of full-scale (up to 150°C and 550°C), adjustable via remote control during operation, will allow for switching operation between pre-fire and burning area acquisitions, hence getting both the capabilities to identify the areas at risk of fire and to localize the fire front. In addition, the integration of the thermal channel with NIR bands will allow for the determination of the emissivity of the scene and of the fraction of the resolution cell that is interested by fire [1, 7] . Airborne multi-/hyper-spectral imagery can provide detailed information for image analysis aimed at target identification and scene classification by measuring the spectral properties of the observed area at high resolution and without time constraint in terms of epoch, duration, and frequency of observation. Hence, the multispectral and hyperspectral will be exploited to recognize potential fuels in the area of interest. The latter objective will be pursued in two ways.
The first one will consist in ground coverage classification by means of reconstructing reflectance spectral signatures of the viewed area. In addition, vegetation indexes, such as NVDI [8] , will be evaluated to complete the recognition of present species. Then, also vegetation condition will be investigated, in terms of moisture level, proportion of live green biomass to senesced canopy. The latter information can be estimated by means of several water indexes (WI, NDWI, EWT, SMA) [8, 18] .
Fusion of data reporting on temperature distribution, coverage, and vegetation status will be exploited for both fire prevention, detection, and disaster management. In fact, the mentioned information will help [19, 20] :
-to classify areas where risk of fire is high (presence of vegetation, low level of water, high temperature)
-to detect fire (very high temperature, presence of smoke plumes)
-to monitor fires under development and to manage fire suppression and damage mitigation operations by determining fire extension and by identifying the fire front propagation direction (temperature distribution and gradients, vegetation presence and relevant water content distribution around developed fire, presence of natural/man-made obstacles). 
AIRBORNE PLATFORMS 1st Mini-UAV
The mini-UAV named 1st, under development at DISIS, is based on a RC-model, a scaled reproduction of the Dornier DO27 with a wooden airframe ( figure 1 -a -) . It has a relatively wide volume available in the front and central sections of the fuselage, where both remote sensing and navigation units have been installed. The vehicle configuration was customized to allow for the installation of the payloads, with the specific requirement of camera pointing downwards. The characteristics of the airframe are reported in Table 7 . The navigation and autonomous flight control system of the mini-UAV 1st is based on units produced by Crossbow Technology™. It is composed of the µNAV™ Navigation and Servo Control Board (model MNAV100CA) [21] and the Stargate™ Single Board Computer [22] . The two boards can be connected by means of a customized data bus to form a very compact and lightweight system for navigation and flight control, particularly suited for a compact UAV like 1st.
The MNAV100CA (figure 2) is a calibrated digital sensor system with servo drivers. All sensors required for complete airframe stabilization and navigation are integrated into one compact module. The board sensor package includes: an inertial sensors' array composed of an assembly of three 1-axis accelerometers, three 1-axis angular rate sensors, and three temperature sensors; a 3-axis magneto-resistive magnetometer to compute heading; an Air Data System (ADS) which elaborates the measures from a static pressure sensor to compute altitude and from a dynamic pressure sensor to compute airspeed; and, finally, a 12-channel GPS receiver module. This miniature and low-cost suite represents a complete system for use in navigation and flight control applications. The MNAV100CA provides an interface to the power supply connector, the servo battery connector, a set of 9 servo connectors and a high speed servo connector, two RS232 serial connectors, a Pulse Position Modulation (PPM) input connector, a link to the R/C receiver, and a specific 51 pin connector for Stargate™ processor board. The unit is based totally on Micro Electro Mechanical Sensors (MEMS) that are packaged like small microchips and installed in a compact configuration. A microcontroller (model ATmega128L [21] ) manages the interfaces and processes data. Unit dimensions are 5.7cm×4.5cm×1.1cm and its mass is 33g. Power consumption is less than 0.8W at 5 VDC.
Figure 2 MNAV100CA sensor board
When plugged into Stargate™, the MNAV100CA combines with the processor board to form a complete autopilot. Stargate™ is a powerful single board computer with enhanced communications and sensor signal processing capabilities. It uses Intel's latest generation 32-bit, 400 MHz XScale ® RISC processor (model PXA255 [22] ) and provides a real time clock. Stargate™ is preloaded with an embedded real time Linux Operating System kernel. Additional interfaces are provided through a daughter card connected to Stargate™ via a 51-pin expansion connector. They are: a 10/100 Ethernet port; a host USB port; a RS-232 serial port; and a JTAG port.
The onboard software has been designed to operate in different modes, depending on the type of navigation and control selected by ground pilot. It has been conceived to run multiple tasks in real-time and share common processing resources. Several navigation modes have been provided from sensor data downlink to advanced integrated navigation where an Extended Kalman Filter (EKF) is adopted to generate integrated kinematic state estimate [10] , and data from pressure transducers is used to estimate true air speed.
Automatic flight control in closed loop is being developed. Exchange of data between RS and navigation systems will allow for waypoint selection capability along with real-time georeferentiation of acquired images.
Sky Arrow ERA aircraft
Two Sky Arrow 650 TCNS ERA (Environmental Research Aircraft) are available at CNR ISAFoM. They are equipped to carry out both wind and turbulence measurements for scientific and meteorological research applications. They make use of the BAT (Best Atmospheric Turbulence) probe developed in collaboration by NOAA (National Oceanic Atmospheric Administration) and ARA (Airborne Research Australia) [23, 24] .
The Sky Arrow 650 TCNS ERA ( Figure 3 , Table 8 The CNR ISAFoM institute operates two "Sky Arrow ERA" aircrafts to carry out measurements of exchanges of momentum, heat, and carbon dioxide between the atmosphere and the surface of the Earth by means of the "airborne eddy covariance" technique [25, 26] . In addition, the aircrafts are equipped with integrated thermal and multispectral, electro-optical sensors for estimation of sensible and latent heat flux density, and of evaporative fraction using this combination of ground and airborne measurements. Measurements of aircraft velocity with respect to the Earth, are made by combining GPS measurements with data from a set of three orthogonal accelerometers mounted at the aircraft center of gravity. A NovAtel model OEM4-G2 GPS receiver [27] is adopted to measure horizontal position, altitude above the reference geoid, and aircraft velocity with respect to the Earth, at an updated rate of 10Hz. GPS measurements support real-time georeferentiation of payload acquisitions.
A Javad JNSGyro-4 GPS system [28] is used to measure aircraft attitude with ±0.01° accuracy at update rate of 20Hz. Data from the set of three orthogonal accelerometers are used to supplement the Javad angles, allowing the frequency response to be extended to 50 Hz.
An onboard mountable rack was designed and realized at DISIS (figure 4), in order to get compact and fast installation of the RS payload under the rear seat of the Sky Arrow ( figure 5 ). 
LABORATORY TESTS
A large part of DISIS activity within the AMRA project dealt with calibration of the hyperspectral sensors. Specifically, they were characterized spectrally, radiometrically, and geometrically. A specific laboratory facility was set up to carry out the mentioned calibrations of the sensors and the assessment of their imaging performance. The facility consists of an optical bench where the sensor under test and reference light sources or reference scenes are installed and operated during calibration procedures (figure 6). The facility is based on COTS components. Also, calibration procedures were developed and carried out. Both the facility and the procedures were presented by the authors in [11] , where the calibration of the VNIR hyperspectral sensor is described. The same procedures were applied later to the NIR hyperspectral sensor and the results are reported in the following.
Figure 6 Laboratory facility for sensor calibration
The first procedures that were carried out were aimed at checking the correctness of the assembly operation to produce the hyperspectral sensor. In particular, the alignment of the components must be checked. In fact, the spectrograph and the camera must be assembled so that the spatial axis of the spectrograph is parallel to pixel lines of the camera (figure 7).
Spectral calibration was carried out to identify the scale of the spectral axis. Figure 8 shows the computed calibration function:
where λ is the spectral sub-band mid wavelength, and i row is the image spectral line. Equation (2) has been obtained from the interpolation of experimental data relevant to the observation of a Xenon arc-lamp, which was used as reference light source. Its emission spectrum, documented in detail by the producer [29] , is characterized by peaks that represent the required spectral reference. The parameter i row varies in the range 20-120, which corresponds to the fraction of the detector sensing surface occupied by the image produced by the spectrograph. The resulting experimental spectral response band of the NIR hyperspectral camera is 954-1714 nm, which agrees with the theoretical one (Table 4) .
Finally, the relative radiometric calibration function was computed, which compensates for the non-uniform detector sensitivity in the spectral response band. It is plotted in Figure 9 . In this case, a 15-Watt tungsten filament lamp, modeled as a 2700-K blackbody radiator, was used as reference source. The theoretical values were obtained on the basis of the only detector spectral response, while the experimental ones include, of course, the effects due to optics and the spectrograph. 
FLIGHT TESTS
The results presented here are relevant to the first flight test session that took place on August 2006, in the area of the airport of Pontecagnano, Italy, located at latitude 40°37.3' north and longitude 14°54.9' east. A sub-set of AMRA RS sensors was installed on-board the ERA Sky Arrow of CNR ISAFoM. It was composed of the thermal infrared camera, the VNIR hyperspectral sensor, and the NIR hyperspectral sensor. The on-board computer of 1st mini-UAV was employed for this mission because the one selected to operate the full AMRA set was not available yet. The lower performance of this CPU affected the acquisition, as described in the following.
Multispectral data in three bands of VIS-NIR spectrum were also acquired by means of an electro-optical sensor provided by ISAFoM. It is a MS-4100 camera in CIR (Color-InfraRed) configuration. Its acquisition bands are 530-580nm (VIS Green), 650-685nm (VIS Red), and 770-830nm (NIR). The mounted optic has a focal length of 14mm.
Also GPS data were collected during the flight by the Sky Arrow onboard navigation system, and they were exploited for post-flight trajectory reconstruction and survey characterization.
The results of the flight test are described in the following subsections. Unfortunately, a malfunctioning of the SU128 camera prevented the collection of NIR hyperspectral data.
Sensor Nominal Settings
It was planned to operate at 1000m (~3280 ft) of altitude with the Sky Arrow in leveled flight at speed of 30m/s. Table 9 summarizes FOV and imaged area size for each sensor in the selected operational configuration and the above mentioned flight conditions. As already pointed out, the hyperspectral sensors' imaged area size in along track direction is very small. This implies that these sensors must be operated at high frame rates in order to avoid loss of ground coverage during pushbroom operation [30] .
Frame rate FR depends on forward speed V and on flight altitude h according to the following equation:
where θ v is the cross-track FOV size, and ε is a factor expressing the overlapping between two consecutive images in along-track direction. Table 10 summarizes frame rates and data rates for the planned mission profile. An overlap of 20% for AMRA RS sensors and of 70% for CIR multispectral sensor were imposed as safety margins. Preliminary Results Figure 10 plots the longitude-latitude profile, as computed from GPS data, for the mission phase during which the RS payload was operated. It was turned on when the Sky Arrow was in leveled flight (linear trajectory segments in figure) and it was turned off during the turns. Figure 10 Flight segments covered during RS sensors acquisition Figure 11 shows two images of the thermal infrared camera, acquired consecutively. The onboard CPU was able to operate this sensor at the nominal frame rate of Table 10 , as it has been deduced by analyzing the acquisition log file saved during the mission. By comparing the two images, their overlap (marked with the dashed line in figure 12 ) can be easily identified. The common area was found to be greater than the imposed value of 20%. This happened because the Sky Arrow was not operated at the planned altitude and speed, but at the higher values of ~1370m and ~37m/s, as deduced from GPS data log file (figures 13 and 14) . Indeed, entering the measured values of altitude and speed, and 20% of overlap in equation (2), it results a frame rate of 0.6 which is lower than the nominal one. Figure 15 shows the output image of the CIR multispectral sensor when observing the same area as the first image of figure 11 . The sensor was correctly operated at the frame rate of Table 10 and, as in the case of the thermal camera, its output images exhibit image overlap higher than the nominal value. An image of the VNIR hyperspectral sensor, acquired over the same area of figure 11 , is reported in figure 16 in which the spectral and spatial axes are, respectively, vertical and horizontal. On the basis of the acquisition log file, it was found that the VNIR hyperspectral sensor was not operated at the nominal frame rate of Table 10 , but at the much smaller value of less then 2 frames per second. It was due to the inadequacy of the CPU in use on board to control the two simultaneous acquisitions at high frame rate from the hyperspectral cameras. In fact, the CPU runs the procedures to control the VNIR hyperspectral camera and also the NIR one even if the latter camera was not working.
It is worth noting that considering the real conditions of flight during acquisition, in particular altitude of about 1370m and speed of about 37m/s, equation (2) gives the frame rate of about 5 frames per second for 0% overlap, which is lower and, hence, more favorable but still more than twice and a half the realized value. As a result, VNIR hyperspectral data present loss of coverage of the observed scene.
VNIR hyperspectral data were processed anyway. By extracting the same line index (i.e., the same wavelength; line 215, sub-band 622.8-623.6nm) from 25 consecutive acquisitions of the sensor observing the area of figure 15 , the image of figure 17 was generated. Despite distortion and loss of coverage, in figure 17 it is possible to recognize some different zones well defined in the images of figures 11 e 15.
The algorithm that generated the image of figure 17 can be applied to each spectral sub-band, thus providing more detailed information to better classify or discriminate between objects, to increase detection performance, and to reduce false alarm occurrence.
Spectral axis
Spatial axis Figure 16 Output image acquired by VNIR hyperspectral camera observing the same area of figure 11.
Spectral axis Spatial axis Figure 17 Image generated from 25 consecutive acquisition of the VNIR hyperspectral camera while observing the area of figures 11 and 15
CONCLUSIONS
An integrated, multi band, multi-/hyper-spectral payload of electro-optical sensors has been presented. Its has been conceived to be operated from compact airborne platforms, also UAV, in missions aimed at natural disasters monitoring and management, with particular attention to forest fires. Characterization of hyperspectral sensors, and results of spectral and radiometric calibration have been described in detail in the paper. Finally, preliminary flight test results have been presented and described in detail, showing the expected performance of the system obtained by integrating data from multiple sub-bands (thermal, near infrared, and visible) of the optical spectrum. Criticalities and data acquisition difficulties have been investigated and pointed out to address future research and development activities.
